Water-energy nexus is an emerging issue that receives considerable attention in the world in general and in the Gulf Cooperation Council (GCC) countries in particular. The GCC countries depend mainly on energy generated from fossil fuels to produce drinking water. Yet, the amount of water-related energy use in Bahrain remains unexplored. This study aims to quantify the amount of energy used in the water supply cycle for the first time in Bahrain using quantitative methods. A bottom-up approach for data collection was adopted where data for the three main stages of the water supply in Bahrain: water production, water transmission, and water distribution were collected. Results show that the water production stage consumes about 97% of the total energy consumption in the water supply sector, followed by water transmission (2.9%) and water distribution (0.1%). Comparisons conducted with best practices in the world show that water desalination plants in Bahrain consume relatively high amounts of energy to produce water based on the desalination technology used. This study calls for focusing on the production stage in achieving energy efficiency since it is the largest consumer and where losses are occurring based on the benchmarking. This study also recommends investigating the share of electricity and thermal energy consumed in the water supply cycle in Bahrain in addition to the wastewater treatment sector. This is imperative to provide a holistic overview of the water-related energy use in Bahrain.
Introduction
The water-energy nexus has emerged as one of the most important issues in the world. Both of the water and energy sectors depend on each other in terms of supply and use. Throughout the lifecycle of water, an intensive amount of energy is used. The same thing applies to the lifecycle of energy where water is required at the different stages of the energy production [1] .
Various factors contribute to shaping the relationship between water and energy. The list of factors includes population growth, economic development and consumption patterns [2] . Nonetheless, the water cycle is considered as an energy-intensive process [3] . The footprint of energy in the water production phase is considerably high in comparison with other phases in the water lifecycle because it depends mainly on energy consumption [4] . Water transmission over large distances in addition to water distribution to the end users also comes with a noticeable energy price tag [5] .
The nexus of water and energy is now becoming a dominant crucial point of interest, both in terms of problem identification and in seeking trans-disciplinary and trans-sectorial solutions. Identifying the linkages, dynamics, stakeholders, and potential governance options is critical to facilitate collaboration between sectors and countries in the case of shared natural resources [5] . The nexus can be described in terms of efficiency as the quantity of water required to generate one unit of energy and the amount of energy used to produce a single unit of water [6] .
Water production in the Gulf Cooperation Council (GCC) countries relies heavily on water desalination as the only option available to provide drinking water. There are two main desalination technologies: thermal evaporation and membrane separation [7] . Commercially, three technologies are widely used for water desalination; these are Multi-Stage Flashing (MSF), Reverse Osmosis (RO), and Multi-Effect Distillation (MED). The MSF and MED technologies are thermal technologies, whereas the RO is a membrane separation technology. The MSF desalination technology is considered as the baseline of desalination technologies being established in the 1950s. In terms of energy use, the MED technology is more efficient than MSF [8] . However, the RO is considered as the most energy efficient desalination technology where its primary energy consumption is less than MED and MSF by 5 to 6 times [9] . Nonetheless, no specific desalination technology can be recommended for the GCC countries. The selection of desalination technologies depends on several factors including the salinity of the water, whether electricity is going to be generated, and availability of fuels.
In general, desalination is an energy-intensive process. Desalination is estimated to consume 5% -12% of total electricity consumption in the GCC [10] . Thus, the water-energy nexus was found to be positively correlated with water scarcity in the GCC countries [3] . This correlation is especially true for the GCC where desalination is considered as the only option to provide drinking water.
Energy is also consumed in water transmission and water distribution, and specifically in booster pumping stations. Booster pumping stations include pumps, valves and pipes, where they boost the pressure in the water distribution network to transfer the water from lower points to higher ones [11] . Energy is consumed in pumping water into the water distribution network. Losses of energy in this stage are expected to be 30% [12] . Inefficient pumping stations with poor design result in energy loss in the water supply network [13] . Energy efficiency can be achieved by improving the design of the pumping stations and installing variable speed drives to pumps and operating them efficiently.
Situated in an extremely arid environment, Bahrain has scarce water resources and will be one of the top 33 water stressed countries in the world by 2040. Water stress in Bahrain is driven mainly by the rapid growth of population in addition to the geography and climate of the county [2] . To meet its drinking water requirements, Bahrain depends on desalination, which is costly, energy intensive, and detrimental to the environment [14] .
Understanding and quantification of the water-energy nexus in Bahrain is of extreme importance and is a pre-requisite for any energy efficiency programs in the water sector. Future projections show an average annual increase of 3.8% in the water demand by 2035 compared to 2010 [15] . This implies the need for more energy to ensure meeting these anticipated water demands. However, Bahrain has limited fossil fuel resources and are depleting while the renewable energy sources make very minimal share of the total energy supply [16] . Furthermore, the increase of fossil fuels consumption results in an increase in the Greenhouse Gas (GHG) emissions, which contributes to climate change.
Considering the interlink ages between water and energy, saving water means saving energy as well as minimizing environmental externalities [17] . Thus, saving water contributes to the achievement of the sixth goal of the Sustainable Development Goals (SDGs) on sustainable water management, which entails increasing water-use efficiency in all sectors. It also contributes to the achievement of SDG 7 on sustainable energy through improving energy efficiency, which ultimately contributes to the achievement of the thirteenth SDG on taking action to combat climate change.
Understanding the water-energy nexus in Bahrain also contributes to achieving Bahrain energy efficiency target set at 6% by 2025. Furthermore, it offers opportunity for climate change mitigation and consequently to comply with Bahrain's commitments under the Paris Agreement, i.e., nationally determined Commitments (NDCs).
There are few studies [14] [15] that tackle the water-energy nexus in Bahrain while projecting the costs and impacts of future water demand. However, the energy consumption figures were mainly generic where no specific energy consumption figures were provided for each desalination plant.
Accordingly, this paper aims to bridge the knowledge gap related to the water-energy nexus in Bahrain. Specifically, it aims at quantifying the amount of energy used in the three stages of the water supply cycle, production, transmission and distribution) for the first time for Bahrain, and identifying Bahrain standing compared to best practice in energy efficiency in the world. This paper consists of five sections. The next section presents the municipal water supply cycle and its main components in Bahrain with special focus on the desalination plants. The third section elaborates on the methodology applied in the quantification of the energy input in the water cycle, while section four presents the results and their analysis, followed the main conclusion and recommendations section.
The National Context
There are three main stages for the water supply cycle in Bahrain: water production (mainly water desalination with minor groundwater pumping for blending), water transmission, and water distribution. The Electricity and Water Authority (EWA) is the utility responsible for the provision of municipal water supply in Bahrain, and is fully responsible for water transmission and distribution. As for water production, the private sector contributes to the provision of drinking water supply by three desalination plants of the five plants in the country. Water produced by the private sector is purchased by EWA through a long-term contract.
Water Production
Water desalination plants in Bahrain vary in terms of year of operation, ownership, source of water, products, desalination technologies, and production capacity. Details of the five operating desalination plants are provided in Table 1 and the following sections.
Sitra Power and Water Station
Sitra Power and Water Station is a plant that produces both electrical power and water. The plant is the oldest water production plant in Bahrain and is owned by EWA. There are three phases in Sitra desalination plant. The first phase was commissioned in 1975 and consists of two MSF units (Distiller 1A and 1B in Figure 1 ). Each of the two MSF units produces 2.5 Million Gallon PerDay (MGPD). The second phase was commissioned in 1984 and has one MSF unit (Distiller 5 in Figure 1 ) producing 5 MGPD. The third phase was commissioned in 1985 and consists of three MSF units (Distiller 2, 3 and 4 in Figure 1 ) producing 5 MGPD each at 90˚C or 6.8 MGPD at 110˚C.
Ras Abu Jarjur
Ras Abu Jarjur is a reverse osmosis desalination plant that uses brackish groundwater extracted using submersible pumps from 19 wells under the ground at depth of 65 m ( Figure 2 and Figure 3 ). The plant is owned by EWA and was commissioned in 1984. The RO desalination plant has a water production capacity of 16.5 MGPD.
Al Dur Company
The Al Dur plant started operation in 2012 and cost around USD 2.1 billion. The plant is located on the south west coast of Bahrain and produces 1234 megawatts 
ALBA
Aluminium Bahrain (ALBA) is a company that produces aluminum and has its own desalination plant. There are four MED water desalination units in ALBA with a total capacity of 9.5 MGPD of water. There are two water storage tanks in ALBA; the first one is for ALBA's internal consumption, and the second is for EWA. A pipeline goes out from the second storage tank to Sitra blending station which is owned by EWA. Around 70% of the produced drinking water is purchased by EWA and other external customers, whilst the remainder is used for ALBA's in-house consumption ( Figure 4 ).
The Hidd Power Company
The Hidd Power Company (HPC) was comissioned in 1999. The HPC produces 90 MGPD of drinking water and 1000 MW of power daily. Both of the MSF and MED desalination technologies are used in the HPC. The plant is owned by the private sector and has three phases. The first phase has a power capacity of 276 MW and water capacity of 30 MGPD. The second phase has power capacity of 729 MW and the third phase has water capacity of 60 MGPD. The first phase applies the MSF desalination technology, and the third phase applies the MED technology ( Figure 5 ).
Water Transmission
Water transmission is the responsibility of Water Transmission Directorate (WTD) in EWA. WTD is mainly responsible for receiving the produced water from the desalination plants and then transferring it to the water distribution network in good quality ensuring compliance with the GCC/Bahrain drinking water standards GSO-149/2014 and the latest WHO guidelines for drinking water quality. The responsibility of ground water abstraction is under WTD as well so as to ensure covering any shortage in the desalinated water by blending the produced water with the groundwater if needed. Energy is used in the WTD network to pump water from the production plants to transmission networks and then from the transmission network to the distribution network. 
Water Distribution
The Water Distribution Directorate (WDD) in EWA is responsible for providing customers with water. There are six working booster pump stations in the water distribution network located in different areas of Bahrain. In each booster pumping station, there are two motors and two pumps. Each motor and pump are integrated so that they work together. The pumps in each booster pumping station work interchangeably with electricity being the energy source.
Methodology
To achieve the study's objectives, a quantitative bottom-up approach was applied to quantify the electricity consumption in the water supply cycle in Bahrain. This is made by the following steps:
1) The main stages of the water supply cycle in Bahrain were identified through review of EWA reports and face-to-face interviews conducted with the concerned policymakers and experts. Three main stages were identified as elaborated above: water production, water transmission and water distribution.
2) The sources for electricity use within the three stages of the water supply cycle were identified through interviews and field visits. This step revealed that five desalination plants form the first stage, twenty-seven pumping stations within the transmission stage, and six working booster pumping stations within the third stage.
3) Technical specifications (rated power in particular) related to the main electricity consumers in the desalination plants and transmission pumping stations were obtained. As for the distribution pumping stations, a clamp meter was used to calculate the current and the voltage in those sites in 2017 ( Figure   6 ). Accordingly, energy consumption was calculated using the following equations:
Energy kWh Power kW Time working hours h
It is worthy to note that quantifying energy consumption based on the technical specification was applied for all desalination plants except for ALBA. Electricity consumption bills for ALBA's petroleum coke calciner and seawater desalination plant were obtained and 48% of the electricity was assumed to have been consumed in the desalination plant as advised by the concerned operators.
4) The amount of municipal water produced was obtained from EWA. The quantity of water being pumped to the booster pumping stations was calculated 
Results and Discussion
This section presents the calculation results concerning the electricity consumption and specific electric energy use in details for each of the three stages of the water supply cycle in Bahrain. The findings of benchmarking with best practices are also presented in this section.
Energy Consumption in the Water Production Stage

Ras Abu Jarjur Plant
Ras Abu Jarjur plant has a total of 35 major pumps that consume majority of electricity used in the plant ( Table 2) . Out of these pumps, there are 19 well pumps used to extract brackish groundwater from depth of 65 m. Results of electricity consumption and specific electric energy use calculations are presented in Table 3 .
Sitra Power and Water Station
The total electricity consumption was calculated based on the technical specifications of the main pumps in each of the three water desalination phases. Details of the total electricity consumption and specific electric energy use are presented in Table 4 .
The Al Dur Project
There are 49 pumps in the Al Dur desalination plant. The total electricity consumption was calculated based on the pumps' technical specifications as Table 2 . Details of pumps in Ras Abu Jarjur plant [19] . illustrated in Table 5 . Accordingly, and using the amount of water produced, the specific electric energy use was calculated as presented in Table 6 .
The Hidd Power Company
Similar to the calculation procedure followed above, the total electricity consumption was calculated for the Hidd plant (Table 7) .
ALBA Desalination Plant
To identify the amount of electricity consumed in ALBA water desalination plant, electricity bills were retrieved for the period from January to July 2017.
Total electricity consumption for water desalination and specific electric energy use are illustrated in Table 8 .
Energy Consumption in the Water Transmission Stage
The power capacities of pumps in 27 transmission stations were used to calculate the electricity consumption in the water transmission network in Bahrain. Details of the calculation along with the results are presented in Table 9 .
Energy Consumption in the Water Distribution Stage
Out of the six working distribution pumping stations in Bahrain, only four were accessible. Results of measurements of the voltage and current of pumps in these stations are depicted in Table 10 and Table 11 . Using equations number 1 and 2, the total electricity consumption in the water distribution network in Bahrain was calculated (Table 12 ).
The quantity of water being pumped in the water distribution network was Average specific electric energy use 2.6
Note: water production figures were assumed based on the design capacity production of 9.5 MGPD (Table  1) .
Comparison with Best Practices in the World
Results show that the water production stage consumes around 97% of the total electricity consumption in the water supply cycle in Bahrain followed by water transmission and water distribution with 2.9% and 0.1%, respectively ( Figure 7 ).
Comparisons of water desalination-related electricity use in Bahrain were conducted with regards to best practices in the world. Results show that specific 
Conclusions
The amount of energy used in the water supply cycle in Bahrainis quantified.
The results showed that the majority of the water-related electricity use was as- . It is also imperative to pay special attention to the reactive energy consumption of the different pumping stations where improving the power factor to 0.9 needs to be set as a target. Moreover, it is vital for decision making to explore the water-related energy use in the wastewater treatment sector to provide a holistic overview of the energy input in the whole urban water cycle in Bahrain.
